Introduction
Dielectric relaxation in complex materials has been fascinating physicist for more than half a century [1] [2] [3] [4] [5] . Much of the present understanding of dynamics in a very wide range of complex dielectric systems (e.g. filled polymers, glasses, biopolymers, liquid crystals, and even concrete) currently revolves around the ideas of spatial and dynamic heterogeneity. These complex materials in general exhibit nontrivial relaxation dynamics on both microscopic and macroscopic scales. Fundamental questions remain not only about dynamics, but also about how randomness and connectedness give rise to the dielectric attributes. Addressing such questions is quite challenging because the structural aspects of random composites are still largely unknown. [1] [2] [3] [4] [5] [6] [7] Within this perspective, a number of experiments, e.g. dielectric spectroscopy experiments [8] [9] and computer simulations, e.g. Monte Carlo and finite element calculations 6, 7, [10] [11] [12] [13] have progressed in parallel. Models for dielectric relaxation in heterostructures can be broadly placed in two groups. The first picture has been heavily investigated in various phenomenological models of dielectric relaxation. Previous results suggest that pure Debye response is virtually nonexistent in complex solids. As an alternative to the Debye model, investigators have used the purely empirical analytical expressions, one of them is called and it explores the spectral dependence of (relative) complex permittivity ε as a function of angular frequency ω , permittivity values for a given relaxation, which can be considered atomic, electronic, ionic or interfacial polarization. In addition, it is assumed that the nonwww.intechopen.com Advances in Composite Materials for Medicine and Nanotechnology 536 negative empirical exponent a gauges the broadening of the dielectric loss spectrum. Jonscher 15 suggested an alternate expression for the imaginary part of the permittivity "
, where the exponents m and n lie between zero and unity. They determine the shape of the response at frequencies lower and higher than the maximum frequency max ω at which the maximum value of " ε is observed [" m a x (" ) ] m ε ε = , i.e. the loss peak. The physical process that gives rise to this peak is a dipolar re-orientation. Several studies of these spectral models have been carried out to analyze the fractional exponents m and n of the power-law decays. This behavior has been observed in carbon black (CB)-epoxy composites frequency over the range from 200 Hz to 15 MHz, 16 and other types of binary (conductor-insulator) composites containing nanoparticles. 17 We point out that permanent and induced dipoles, electron conduction in CB aggregates, Maxwell-Wagner-Sillars (MWS) interfacial polarization all contribute to the effective (collective) relaxation behavior of the composite material. Based upon Jonscher's framework, we assume that the medium consists of a cluster of fluctuating reorientable dipoles and/or small size polar entities. Jonscher's model relies on the notion that in a typical solid the microscopic dipolar, electronic or ionic transitions are very rapid (on the scale of ps or less) and they take place in a system in which electrostatic or strain interactions are invariably present but the adjustment of local equilibrium takes a longer time to be realized. 15 In other words, the cluster structure of a dipolar system may be considered as a natural consequence of the fact that when the electric field is on, only some of the dipoles have enough energy and time to reach a configuration state aligned along the electric field. Thus, the dielectric response originates with specific, spatially limited regions containing dipoles with positions altered by the applied electric field and their random environment. During the relaxation process the strongly coupled local (intracluster) motions are expected to be generated first, and then followed by the weakly coupled (intercluster) motions, which produce the long-range structure. 15 An alternative approach to the above empirical expressions is the so-called continuous distribution of relaxation times [18] [19] The distribution of relaxation times reveals the true relaxation spectrum of a system. The complex effective permittivity () ε ω is defined for an ensemble of Debye processes with a continuous relaxation time distribution,
, where () g τ is the distribution of relaxation times.
Each relaxation has its own relaxation strength () ∞ ′ − s ε ε , and it is therefore natural to keep relaxation time and strength of each Debye process together in a numerical approach, then
τεε . Although, the concept of distribution of relaxation times can be notoriously misleading by inducing numerical instabilities, and in certain cases lead to ambiguities in interpretation of dielectric data 18 , linearization of the problem and using the Monte Carlo integration hypothesis puzzle out the instability and ill-conditioned nature of the problem. 19 N u m e r o u s e x a m p l e s o f d i s t r i b u t i o n of relaxation times are reported in different systems by one of the present authors (ET). 20 The distribution () g τ constructed captures correctly the relaxation properties. One should note immediately that, except for some special cases, e.g. Cole-Cole, inverting these integrals is nontrivial since they are nonlinear. 8 It should be emphasized that a direct comparison between these different approaches has been rarely attempted except in Tuncer and collaborators. [19] [20] The major focus of this work is to provide such a comparison based on experimental data on CB filled epoxy composites, thereby establishing the bridge between these two widely used complementary theoretical approaches to broadband relaxation in dielectric materials. Experiments were conducted with CB particles (Raven 2000, Raven 5000, Raven 7000 obtained from the Columbian Chemicals Company USA and Monarch 1100 purchased from Cabot Company USA) and diglycidylic ether of bisphenol F (DGEBF) epoxy (Araldite XPY 306, epoxy equivalent weight=172) obtained from Ciba Geigy Ltd. The mixture of DGEBF and CB particles was processed with an amine curing agent (4,9-dioxadodecan-1,12-diamine, equivalent weight=81, supplied by BASF, and used without further purification).
Resin was cured at room temperature for 24 h. The neat DGEBF has a dc conductivity of 1.4 10 -14
Ω , a density of 1.19 gcm -3 , and a glass transition temperature at. T g =83 °C. The different series of samples were fabricated by mechanical mixing. 16 The CB volume fraction within the composite is denoted as 2 φ . The values of the percolation threshold, c φ , for DGEBF/Raven 2000, DGEBF/Raven 5000, DGEBF/Raven 7000, and DGEBF/Monarch 1100 were determined by dc conductivity measurements (linear current-voltage relationship) and are equal to 3.6, 10, 2.75 and 8 vol%, respectively. The effective (relative) complex permittivity of the composite samples was measured in the frequency ( /2
F ω π = ) range from 200 Hz to 15 MHz. using a HP 4194A impedance analyzer. The experimental setup and procedures for measuring (,) FT ε , where the temperature T ranges from ambient temperature up to 70 °C, are similar to those previously described. 16 Note that the contribution of the Ohmic conductivity, i.e. (VTF) thermal activation law for the slowing down of relaxation processes found in many amorphous materials. 16, 19 A s s h o w n i n F i g . 3 , w i t h i n c r e a s i n g t e m p e r a t u r e T, the τ isotherms exhibit decreasing evolution. Assuming that the temperature dependence of τ between 20°C and 70°C is of the form 00 exp[
, the best fit of our data using maximum likelihood method yields 0 τ ≈ 10 -8 s, 267 ≤ T 0 ≤ 292 °C which is an ordering temperature lower than T g whose significance has remained unclear (there is no microscopic [12] [13] 18 The value of 0 τ is almost 3 orders of magnitude larger than 0 τ ≈ 10 -11 s, commonly used for the preexponential factor. A possible interpretation of this pre-exponential factor is to assume that a dipole on average visits 3 00 /1 0 N ττ =≈ sites inside the cluster before being relaxed. Similar behavior, i.e. long trapping time, has been reported for bulk silicate filled carboxylated nitrile rubber. [21] [22] So far, we have only discussed the Cole-Cole phenomenology. In order to correlate the temperature dependence of the relaxation mechanisms for the samples investigated here and better understand how temperature affects the values of n and m obtained from our variable-temperature measurements are graphed in Fig. 12 for the Raven 2000-DGEBF as an illustrative example. A similar behavior is observed for the other series of samples. Two typical behaviors corresponding to the temperature range explored are: m decreases strongly with T and n is close but smaller than 1. Such comparison can provide a comprehensive picture of the similarities and differences between the CB types in the overall relaxation behavior of these filled polymers. By contrast, our results are less clear for the m dependence as a function of CB content because the fits yield larger uncertainty for m. Jonscher suggested to associate the values of m and n with the degree of correlation between the flip-flop transitions (fast intra-cluster interactions) for m and between the flip transitions (slow inter-cluster interactions) for n, respectively. 15 moment. The latter retains the average value of the total polarization and may be regarded as synchronous transitions in opposite sense at different points in the material, giving zero net change of dipole moment. The value m=0 corresponds to completely uncorrelated flipflop transitions of the system. The limit n=0, corresponds to a complete screening, as in a free charge system, while n=1 corresponds to the absence of screening, as would be the case with immobile charges (Debye system) which are unable to follow local changes of potential. 13 In contrast to the classical Debye response, corresponding to a system of noninteracting permanent dipoles, 13 the dielectric response arises as being due to a highly dispersive and lossy system yielding a frequency independent / ε ε ′′′ ratio. 
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The principle of the numerical analysis of a set of experimental frequency-response data that involves a continuous distribution of relaxation times is identical to that described elsewhere. [19] [20] Fig. 5 shows the results of this analysis and shows a comparison of () g τ at different temperatures and CB content for Raven 2000-DGEBF samples. The data are shifted to guide the eyes, and each relaxation spectrum had similar baseline, which is shown in Fig  6. The vertical dashed lines in Fig. 5 are drawn to indicate the measurement window for the reciprocal frequency. The relaxations resolved at fast times had clear peaks due to coupling of the high frequency permittivity with high frequency relaxations-the relaxations were not fully observed within the current experimental frequency window. Even KramersKronig transformation 23 would resolve an accurate relative permittivity when a relaxation is not observed fully. The relaxations resolved were broad and distributed over the relaxation time axis. The low temperature data for all the samples (23 o C and 40 o C) had the long relaxation times observable within the experimental frequency window-this is shown in Fig. 5 with a sharp drop in the distribution after 10 -5 -10 -4 s. This characteristic is most visible in the unfilled sample ( 2 0 = φ ) over all the temperatures, where in other words the polarizations were finalized. Over these temperatures the distributions of the filled samples exhibited continuation of the polarization in the materials. The reason for the change in the relaxation spectra with temperature in filled samples was due to the influence of the CB particles on the energy landscape-the local field and the dynamics of polymer motion were altered. One can also speculate about the ionic species and their dynamics at long times with addition of fillers. Currently there is none systematic investigations on the change in relaxation times spectra in filled systems. One striking observation of the analysis method is presented in Fig. 6 for different volume fraction of CB at high temperatures (>65 o C). The relaxations resolved around medium times (10 -7 s and 10 -5 s) could be followed through all samples from unfilled to 2 vol%. Similar kind of response was previously observed and reported by Tuncer et al. 24 This sort of behaviour should be expected since the signature of the matrix material should be detectable with the impedance measurements and the applied analysis, unless the matrix physically changed with the addition of fillers. To illustrate how the resolved distributions were actually describing the data, the dielectric response generated from the distribution data are plotted on the experimental values with solid lines in Fig. 6 . There is very good agreement with measurements and the distribution of relaxation times analysis. Finally, we show the relaxation spectra and dielectric data estimated for composite samples using room temperature data in Fig. 7 . The evolution of the relaxation spectra with filler content is noteworthy. As shown with examples, the distribution of relaxation times approach is a compelling tool to better understand composite materials. 
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VTF temperature dependence with activation energy of the order of the meV. Comparison can be also made with an alternative explanation based on the concept of a set of dipoles making sudden jumps between fixed orientations in space and causing a slow screening response in the surrounding medium. 13 This deviation from Debye's behavior is assumed to be due to many-body effects on relaxation processes described by two fractional exponents m and n characterizing the power-law decays of this spectral model. The exponents m and n are both positive and smaller than unity. Interestingly, they have different temperature variations: while m is strongly decreasing with increasing temperature (<T g ), n takes a value close to 1. Our results suggest that many body interactions have a dominant role to explain the collective coupling between the dipole ensemble and the environment. However accurate they may be, each modeling method considered in this work has one important approximation which is difficult to overcome: effective medium approximation, i.e. when spatial inhomogeneities manifest on scales much smaller than the relevant length scale in the system, an average homogeneous treatment is justified. A continuous distribution of relaxation times has been obtained from experimental data following the method of one of the authors (ET). Our results raise the question of how the parameters of empirical expressions α , m and n can be interpreted. Unlike these empirical model parameters the () g τ obtained from distribution of relaxation times is not based on a model, the relaxation spectrum is a true representation of the material-the spectrum does not change with choice of initial parameters or does not require a-priori assumption. A detailed physical (microscopic) interpretation of these quantities depends on both of the cluster structure and the collective nature of the interactions. Yet the problem is so important that numerical answers that include multi-fractal geometry are highly desirable. It would be very attractive to perform spectral density analysis on the composite response 25 to separate structural information from the intrinsic properties of the constituents. In that case the structure whether it is fractal or not would be resolved with the analysis, however, in that case one needs to have the full information on the electrical properties of the constituents. We end by making a number of comments about some standing questions and future directions. Various questions can still be addressed. Interaction with interfaces is one of the main relaxation mechanisms for dipoles. In order to deal with interfaces it will be interesting to consider relaxation spectra based on ab initio Monte Carlo and molecular dynamics simulations. Since most properties of random composites are determined by topology, the beginning of any such study is the creation of experimentally credible structural models. Studies in this direction would benefit from basic information on the mesostructure obtained via atomic force microscopy. 26 A fully microscopic theory of relaxation in percolative heterostructures is outstanding and remains an exciting prospect. One should employ the spectral density representation to completely realize the electrical properties of composite materials.
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